The thermo-elastic characteristics of a rotating Al homogeneous circular disk have been investigated by considering a contact force on a work piece area. A pair of partial differential equation is induced as a governing equations based on Hooke's law. Due to the complexity of the governing equations a finite volume model is applied to the problem to obtain approximate solutions. Contact force may not be ignorable parameter to determine thermoelastic movements in rotating circular disk. Moreover, the numerical approximations yields that radial thickness is a crucial factor to control the thermo-elastic behavior of rotating circular disks.
Introduction
The thermo-elastic contact of a rotating circular disk induces complex processes such as friction, wear, heat generation, and temperature deformation. All parameters related with the behavior of a rotating circular disk are connected mutually and interactions are developed during the load of a contact force. Due to the complicated interactions the variation of each parameter yields deep effects to thermo-elastic movements. The investigation to the influences of temperature, contact pressure, and blushed wear in rotating circular disk still remains as a challenging work.
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Circular disk is a practically useful shape in various industrial applications, and the physical movements of circular shaped models have been investigated by many researchers. The thermal stress behavior of a circular cylinder is analyzed by Obata and Noda, [1] and Liew et al. [2] . Kovalyshen [3] studied a circular disk cutter, and characterized that the movements of an oscillatory in operating process reduces cutting forces. Using Kirchhoff plate theory the radial component effects of the reaction force on the bending of thin circular plates are presented by Huang and Li [4] . Ren et al. [5] investigated the breakage of circular cutter ring during shield tunneling. They proved that the unbalance forces between two sides of cutter ring during cutting process are major reason for the cutting ring breakage. Weight function method is applied by Wu and Tong to determine stress intensity factors crack opening displacements in complicated stress fields for an edge-cracked circular disk [6] .
Meanwhile, most of researches for the circular disks have been carried out without considering contact force during the cutting process, even though contact force is a crucial parameter in determination of the thermo-elastic characteristics [7] [8] . Rad [9] investigated static behavior of the auxetic-porous structures composed of multi directional heterogeneous materials with considering friction force. The static response of non-uniform bi-directional functionally graded auxetic-porous material circular plates is carried out based on poroelasticity theory. Tadokoro et al. [10] applied the yaw angle misalignment theory to rotary contact systems for circular sliding contact. Parallel misalignment between drive and driven shafts stabilize the systems due to change in the direction of local frictional force. In the previous study [11] , it has been demonstrated that by proper control some parameters such as temperature distribution, angular speed, and radial thickness improved thermos-elastic characteristics are obtained in the design of a circular or grinding disk.
The present study focuses on the analysis of thermo-elastic characteristics of a rotating homogeneous circular disk undergoing of a contact force. By considering of contact forces a pair of partial differential equations is derived using Hooke's law. A finite volume method is applied to the complicated governing equations to obtain the solution of displacement, stress, and stain components as a function of contact force and radial thickness.
Mathematical modeling
Rotating homogeneous circular disks with a concentric circular hole are taken into account (see Fig. 1 ). The origin of the polar coordinate system − is assumed to be located at the center of the disk and hole. The radii of the hole and outer surface of the disk are designated by and , and the angular velocity, Young's modulus, CTE, the density of the disk are denoted by  , , and respectively. The angular velocity, denoted by can be determined from the relation = 2 /60 is the revolutions per minute (rpm).
. Temperature distribution profiles
Based on the assumption that the disk is subjecting to the loading of symmetric temperature to the radial direction, the differential equation expressing the temperature distribution profile in the polar coordinates
The general solution of equation (1) is of the form c are integral constants and will be determined on account of the boundary conditions.
Thermoelastic characteristics Let
u and v be the components of the displacement of a deformed circular disk to the radial and circumferential directions, and let r  and   be the strains to the radial and circumferential directions, respectively, and  denotes shearing strains. Then, strain components are expressed in terms of deformation components as follows:
Let r  and   be the radial and circumferential stress components, respectively, and  implies shearing stress. From the Hooke's law in plane stress problems, the strain-stress relations undergoing thermal expansion, in polar coordinates, are written by
Here, ) (r T is the change in temperature at any distance r and  denotes Poisson's ratio.
Note that equilibrium equations in polar coordinates are as follows:
The combination of equations (3)- (5) 
Finite volume formulation.
A pair of the governing equations is too involved to be solved analytically. A numerical technique thus is required for the approximation and a finite volume method is applied. The domain is divided up into control volume and integrates the field equations over each control volume (see Fig. 2 ). The finite surface mesh is denoted by ) , The subscript 2 1 implies the value of the displacement at the boundary of the control surface (see Fig. 2 (b)). According to above relations at the adjacent locations the equations (6) are discretized as below: 
Numerical results and discussion
In this section, the finite volume formula developed in section 2.3 applied to obtain numerical results of different components of displacement, stress, and strain for a homogeneous circular disk. The temperature distribution profile and thermo-elastic characteristics are evaluated based on the mechanical and thermal properties shown in Table  1 . Table 1 . Mechanical and thermal properties used in this study for analyzing thermoelastic characteristics. Fig. 3 displays the temperature distribution profiles, which is obtained according to the process in the section 2.1. and imply temperature degree of inner and outer boundaries , respectively, to determine the integral constants for the temperature distribution profiles. The temperature distribution increases logarithmically as radius increases.
The displacement distributions are presented in Fig. 4 . Fig. 4(a) shows displacement to the radial direction at the representative angles: = 90, = 180, and = 270. The largest radial displacement occurs at = 0 , and the magnitude decreases as angle value increases. The magnitude of radial displacement varies dramatically near outer boundary area. The circumferential displacement distributions are exhibited in Fig. 4 Fig. 5(a) . Most of disk area is influenced by tensile radial stress, and the largest radial stress occurs at the contact point. The magnitude of radial stress is getting smaller as the angle value is getting larger. Meanwhile, compressive circumferential stress appears at normalized values − / − = 0.1 and 0.5. But, most area experiences tensile stress at − / − = 0.9 (see fig. 5(b) ). Fig. 6 displays strain distribution profiles. As shown in Fig. 6(a) , positive radial strain distribution appears and the magnitude of radial strain increases with the increase of angle value. The contact point generates the largest radial strain value. Different tendency develops in the circumferential strain distribution. While the circumferential strain value is negative at − / − = 0.1 and 0.5, positive circumferential strain is exposed for the value − / − = 0.9 (see Fig.  6(b) ). The largest magnitude comes out around = 0.2 with − / − = 0.9. The effects of contact force to the thermo-elastic characteristics are expressed through Fig. 7 to 9. The representative contact force 100, 300, 500, and 700 are applied. Fig. 7 describes the influence of contact force to the displacement distribution. As shown in Fig. 7(a) and 7(b) , the magnitude of radial displacement is getting larger as the contact force increases near the outer boundary of circular disk. The effects of contact force to circumferential displacement is trivial near the inner boundary of circular disk (see Fig. 7(c) ), whereas the variation for contact force yields significant influence near the outer boundary of circular disk (see Fig.  7(d) ). As the contact force is getting larger, greater magnitude shows up. The influences of contact force for the stress distribution are described in Fig. 8 . Both angle values ( = 0 and 180) are under the deep impact to the change of contact force in radial stress distribution and the magnitude increases with increase of contact force (see Fig. 8(a)  and (b) ). While trivial effect exhibits in circumferential stress near the inner boundary of the circular disk (see Fig. 8(c) ), outer boundary of circular disk reacts sensitively to the change of contact force. The largest influence arises with the variation of contact force when = 0 (see Fig. 8(d) ). Fig. 9 exhibits the effects of contact force to the strain distributions. By the increase of contact force at = 0 nearby area of outer boundary is excessively susceptible, and the radial strain distributions upsurges to the positive direction (see Fig. 9(a) ). But, as shown in Fig. 9(b) , different phases develop at = 180. The radial strain distribution is increasing to the positive direction until around the value − / − = 0.9, and is decreasing as the value − / − approaches to outer boundary. The influence of contact force around inner circular disk boundary is trivial to the circumferential strain, while nearby area of outer boundary displays sensitive reactions to the change of contact force (see Fig. 9(c) and 9(d) ). Remarkable alteration in the circumferential strain distribution occurs close by = 0. Fig.  10(c) . The magnitude of circumferential displacement is getting larger as the value − / − is growing at − / − = 0.1. The effect due to / is trivial at − / − = 0.9 except inner area of circular disk (see Fig. 10(d) ). By the variation of the / values the radial stress distributions are expressed in Fig. 11(a) and 11(b) . As the value / increases larger compressive radial stress develops up to around − / − = 0.8, and smaller tensile radial stress is appeared after around − / − = 0.8. The results imply that the larger / value yields more stable structure in grinder manufacture. Similar movements come out in circumferential stress distributions. With the increase of / , larger compressive circumferential stress is exhibited nearby area of inner boundary (see Fig. 11(c) ), while smaller tensile circumferential stress turns up around outer boundary of circular disk (see Fig. 11(d) ). The effects of / to the strain distribution are presented in Fig. 12 . As shown in Fig. 12 (a) and 12(b), the radial strain sits loose to the variation of the value / except near area of circular boundaries. At the both boundaries the radial strain magnitude is getting smaller with increase of the value / . Around nearby area of inner boundary the magnitude of circumferential strain decreases with increase of / (see Fig. 12(c) ), whereas the circumferential strain displays larger behavior according to the increase of / around outer boundary of circular disk (see Fig. 12(d) ). 
Conclusions
The thermo-elastic characteristics of homogeneous circular disks undergoing contact forces have been investigated using a finite volume method. By the variation of contact force and radial thickness the influences to the components of displacement, stress, and strain have been presented. It is found that the thermo-elastic characteristics of Al homogeneous circular disks are deeply depend on the contact forces and radial thickness, and the behavior can be controlled by controlling of these parameters. Therefore, the finite volume analysis used in this investigation can be applied on the design of an Al homogeneous circular cutter or grinding disk subjecting to a loading pressure to promote proper and reliable thermo-elastic characteristics in service.
